

  minerals-13-00107




minerals-13-00107







Minerals 2023, 13(1), 107; doi:10.3390/min13010107




Article



The Characteristics, Enrichment, and Migration Mechanism of Cadmium in Phosphate Rock and Phosphogypsum of the Qingping Phosphate Deposit, Southwest China



Chengjie Zou 1, Zeming Shi 1,2,*[image: Orcid], Yulong Yang 1, Junji Zhang 3[image: Orcid], Yun Hou 1 and Na Zhang 1





1



College of Earth Sciences, Chengdu University of Technology, Chengdu 610059, China






2



Sichuan Province Key Laboratory of Nuclear Techniques in Geosciences, Chengdu 610059, China






3



Chengdu Center of China Geological Survey, Chengdu 610081, China









*



Correspondence: shizm@cdut.edu.cn







Academic Editor: Cécile Grosbois



Received: 22 November 2022 / Revised: 28 December 2022 / Accepted: 4 January 2023 / Published: 9 January 2023



Abstract

:

Sedimentary phosphate rocks are characteristically rich in organic matter, and contain sulfides and a high concentration of trace elements, including cadmium (Cd), which is harmful to the human body. The mining of phosphate rock and phosphogypsum at Qingping has expanded the release of Cd into groundwater and farmland soil. To prevent and control Cd pollution it is critical to reveal the carrier mineral phase(s) and migration mechanism of Cd and other elements in phosphate rock and phosphogypsum. The elemental and mineral composition of bulk samples were analysed by XRF, ICP-MS, and XRD, respectively. The results showed that from phosphate rock to phosphogypsum, the main constituent elements changed from CaO (49.43%) and P2O5 (36.63%) to CaO (33.65%) and SO3 (>34%), and the main mineral changed from fluorapatite to gypsum. Among all the elements, the element transfer factor (ETF) of P2O5, F, Co, U, Cd, and other elements was low; the ETF (Cd) was only 10.85%, and only a small amount of Cd entered the acidic phosphogypsum during the production process. Raman spectroscopy analysis revealed two types of apatite: the brown–black apatite with organic matter (type 1) and the yellow–light brown apatite without organic matter (type 2). LA-ICP-MS analysis showed that the Cd element content in type 2 was lower, while the organic matter and Cd element content in type 1 were higher, suggesting that Cd may be controlled by organic matter, and the relationship with apatite is not apparent. Electron probe analysis and XRD semiquantitative results show that the content of Cd in pyrite is higher (511 ppm), which is significantly higher than that of bulk rock. In addition, pyrite is rich in Co, As, Ni, Zn, and other elements. The content of Cd in phosphate ore shows a good correlation with that of pyrite. Cd in Qingping phosphate rock is mainly controlled by organic matter and pyrite, and only a small amount of Cd is transferred to phosphogypsum. Reducing the environment leads to the enrichment of Cd in phosphate rock.
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1. Introduction


Cd is a trace metal element that is toxic to humans, animals, and plants [1]. Due to its extremely long biological half-life, excess Cd poses a potential contamination threat to water, soil, and air. It can accumulate in the food chain, eventually causing harm to the human body and increasing the risk of various cancers [2,3,4].



There are natural and anthropogenic sources of Cd enriched in soil. The natural source of Cd in soil is mainly the release of elements from the parent rock caused by weathering [5,6,7,8]. Its content is affected by many factors, including the mineralogy and geochemical composition of the parent rock, organic matter content, particle size, moisture conditions, and vegetation [9,10]. However, Cd has very few independent minerals in nature, and it is usually dispersed in other rock-forming minerals in the form of isomorphism or mechanical mixing. Its leading natural carriers are Zn-Fe sulfides and carbonates, which are easily weathered and release Cd into the environment [11]. In contrast, anthropogenic sources usually come from sewage irrigation, phosphate fertilizers, mining activities, metal ore processing and smelting, and atmospheric dust fall [12,13,14]. Studying the source of Cd has always been a hot topic in heavy metal research. The typical features of sedimentary phosphate rock include high organic matter, sulfide minerals, and a variety of high concentrations of trace elements, such as Ag, Sr, Ba, Cd, Zn, Ni, Sc, Cr, V, U, Y, and REE [15,16,17,18]. Compared with shale, Cd accumulation in phosphate rock is more active than all other elements and is the most enriched trace element. The average content of Cd in phosphate rock is 18 ppm, which is 60 times higher than that in shale (0.3 ppm) [19,20]. In different phosphate deposits worldwide, the Cd content is highly variable, ranging from a few ppm to several hundred ppm. The average Cd concentration in some phosphate deposits is significantly higher than the world’s average phosphate mine. The Cd content of phosphate ores in China is low, generally in the 0.1 to 4.4 mg/kg range [21].



Western Sichuan is rich in phosphate rock resources. It hosts Shifang-type phosphate deposits, Qingping-type phosphate deposits, Hanyuan-type phosphate deposits, and other marine sedimentary phosphate deposits, geologically located in the Longmen–Daba Mountain area, northwest of the upper Yangtze block, and these are the primary sources of raw materials for phosphate chemical enterprises in this region [22,23]. Phosphate mining in the area is mainly concentrated near the upper reaches of the Mianyuan River and Shiting River [24]. Due to the thickness of phosphorus-bearing strata and the limited exposed area, its distribution range is minor, and the degree of influence (e.g., content and range) is limited [25]. However, phosphate mining and production processes have expanded in scope, with sulfides, carbonates, and phosphates in the ore breaking down, releasing Cd and other impurities into the environment, and transferring into the fertilizers or remaining present in phosphogypsum [26,27]. The long-term piled phosphogypsum is eroded and leached by natural rainfall, which not only cause the Cd to migrate, entering the surrounding rivers and soil, but also cause environmental pollution, and seriously endanger the local ecological environment and the health of residents. Phosphate mining, phosphate fertilizer application, and phosphogypsum accumulation have become the primary sources of Cd pollution in groundwater and agricultural soils in this area [28,29].



Most authors have studied the relationship between Cd and P in phosphate rock, and these studies mainly focused on the geochemical characteristics [17,30] and enrichment characteristics of Cd [21,30,31,32]. Regarding the carrier phase of Cd in phosphate rocks, it is generally suggested that (1) Cd may be concentrated in apatite [33,34,35] or calcite [36] by isomorphous substitution of Ca. In this case, Cd is positively correlated with P2O5 [30]. (2) No correlation between P2O5 and Cd implies that Cd is related to organic matter [37,38], and (3) sulfide minerals such as pyrite (FeS2) are major constituents of reduced systems and thus important sources and sinks for Cd [39,40]. However, to our best knowledge, far fewer studies have focused on the carrier phase of Cd in phosphate rock from Qingping, which seriously constrains the understanding of Cd enrichment and migration mechanisms in phosphate rocks and phosphogypsum.



In this contribution, we present a detailed study investigating the in situ elemental composition of pyrite and apatite, and Raman spectral mapping characteristics of apatite and organic matter, in combination with the major and trace element contents, and the X-ray diffraction patterns of both phosphate rock and phosphogypsum, in order to reveal the carrier phase of Cd in phosphate ore and its enrichment and migration mechanisms in phosphate rock and phosphogypsum. The results are of great significance for the prevention and control of Cd pollution.




2. Sampling and Methods


2.1. Sample Collection


The Qingping phosphate rock in the upper reaches of Mianyuan River, Qingping Town (31°30′04″ N~31°31′36″ N, 104°03′15″ E~104°66′55″ E), Mianzhu City, Sichuan Province, China. The deposit is a marine sedimentary phosphate deposit occurring at the bottom of the Upper Devonian. The main host rock is the dolomite of the Upper Devonian Shawozi Formation [41,42]. The phosphogypsum pile is located on the north bank of the Mianyuan River (31°25′1.64″ N, 104°14′58.79″ E), and is the by-product of Qingping phosphate rock produced by the wet chemical treatment to produce phosphoric acid.



The positions of all samples are shown in Figure 1. A total of 6 rock samples (3 phosphate rocks and 3 surrounding rocks) were collected in the three open pits: (1) samples QP02, QP03, and QP07 were phosphate rocks, and (2) samples QP01, QP04, and QP06 were surrounding rocks. Moreover, samples L01, L02, and L03 were phosphogypsum sampled in the phosphogypsum pile. The ore is gray–black, has a cryptocrystalline–microcrystalline structure, and brecciated structure. Samples from phosphate rock, surrounding rock, and phosphogypsum were grinded to powder, then were sieved through 200 mesh and stored in a polypropylene bag for bulk rock compositional and X-ray diffraction analyses. In addition, samples from phosphate and surrounding rocks were prepared as polished thin sections for Raman spectroscopy mapping and in situ elemental analyses.




2.2. Sample Analysis


2.2.1. pH Determination


The pH of phosphate rock and phosphogypsum was determined by mixing the samples with deionized water at a solid–water ratio of 1:2.5 and using a PHS-320 Acidity Meter(Fangzhou, Chengdu, China) to measure the pH of the supernatant after centrifugation.




2.2.2. Bulk Rock Compositional Analysis


The bulk compositional of the phosphate rock and phosphogypsum was conducted in the ALS laboratory group (ALS Minerals–ALS Chemex, Brisbane, Australia) in Guangzhou. Major element analysis was performed by X-ray fluorescence spectrometry (XRF, PANalytical Axios Adv PW4400, Almelo, Netherlands). After the samples were digested with a mixture of HCl, HNO3, HF, and HClO4, trace elements were measured using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 5110, Santa Clara, CA, USA). Quality control was performed using blanks, replicates, and reference materials. For all samples, the analytical results of the reference material were within ±10% of the certified value, and the relative standard deviation (RSD) value of the replicates was within 5%.




2.2.3. X-ray Diffraction Analysis


To identify the mineralogical compositions, the phosphate rock and phosphogypsum were grinded to a powder with a grain size of <40 um and analyzed by X-ray diffraction (XRD, BRUKER-D8 ADVANCE, Hannover, Germany). The analysis used Cu Kα radiation at 36 kV and 36 mA and a scan in the range of 5–70° (2θ) at Chengdu University of Technology(Chengdu, China). The bulk rock minerals were identified by the characteristic mineral diffraction peaks, and semiquantitative phase abundances were determined by Rietveld refinement using the WPF module of JADE 9.0 software [43].




2.2.4. Raman Spectroscopy Mapping Analysis


Raman analysis of apatite and organic matter in the phosphate rock was carried out at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG) in Guiyang, using a LabRAM HR Evolution with an open space microscope equipped with a 20× objective (NA 0.25) to obtain LRS analyses. The laser spot was ~2 μm in diameter. A backscattering geometry was used in the 100–1600 cm−1 range, using a 600 L.mm−1 grating. The Raman spectra were acquired by a 532 nm laser, using a power of about 25 mW, and two consecutive acquisitions that lasted 20 s each. Mapping was performed under the same conditions, with a step size of 20 μm. The acquired data were restored in the LabSpec 6 Spectroscopy Suite software package, with background subtraction and modest manual correction for baseline position.




2.2.5. In Situ Elemental Analysis


The major and trace elements of apatite and pyrite in the phosphate rock were determined on a JEOL JXA-8230 electron probe microanalyzer (EPMA, Akishima-shi, Japan) of Nanjing Hongchuang Geological Exploration Technology Service Company (Nanjing, China). The accelerating voltage, beam current, and beam diameter was 15 kV, 5 nA, and 20 μm, respectively. The relative standard deviations of the analyses of standards were within 3% for the major elements. All analyses had an acceptable total (between 98 and 102%).



In situ major and trace element analysis of apatite in the phosphate rock were performed by the same company with an Agilent 7700× quadrupole ICP-MS (Santa Clara, CA, USA). The laser ablation spot is 35 μm in diameter, and the depth of the laser ablation is 20~40 μm. The Ca content in phosphate rock was measured by EPMA and used as an internal standard to correct matrix effects, signal drift, and differences in the ablation yield between samples and reference materials in ICP-MS. The external standards used for the apatite in situ analysis are G_NIST610, G_NIST612, G_BCR2G, BIR-1G, and G_BHVO2G. The LA-ICP-MS data agree well with the recommended values of the standards, and precision is higher than 5% for most elements.






3. Results


3.1. Characteristics of Major and Trace Elements in Phosphate Rock and Phosphogypsum


Table 1 summarizes the results of the chemical analysis of significant elements, measured in representative samples of phosphate rock, surrounding rock, and phosphogypsum.



The element contents among different samples are similar in the present study. CaO and P2O5 are the main components of the ore samples, and the Ca/P molar ratio ranges from 1.69 to 1.71, indicating a uniform distribution; the content reaches 46.5%–52.2% and 34.8%–38.5%, respectively, and the proportion of the total composition exceeds 80%. Other impurities (Al, S, F, Si, Fe, Sr, K, Ti, Mg, Na, and Mn) are low in content. Compared with phosphate rock, the Al2O3 and SiO2 in the surrounding rock are higher, and although the P content in the surrounding rock is lower, it also reaches 9.94%. The composition of phosphogypsum was found to be completely different from that of phosphate rock, showing an evident prevalence of CaO (33.65%) and SO3 (>34%), followed by SiO2 (4.74%), Al2O3 (2.3%), P2O5 (1.82%), and Fe2O3 (1.38%). The levels of other impurities remained lower than 1% (Table 1, Supplementary Materials Table S1). Compared with other Shifang-type phosphate rocks, the contents of CaO, P2O5, and F in Qingping phosphate rock are slightly higher.



Table 2 shows the concentrations of trace elements in phosphate rock and phosphogypsum samples (concentrations ≥ 10 ppm in PR and ≥1 ppm in PG). Ba was the most abundant trace element in the phosphate rock and phosphogypsum samples, with concentrations of 216.67 ppm and 215 ppm, respectively. The increasing order of element concentrations in the phosphate rock was found to be as follows: Zn > Cr > Ce > Y > La > Cd > V > U > Ba > Mn > Ni > Se > Cu > Th. That for phosphogypsum was found to be Ba > Li > Zn > Cr > La > Ce > Zr > Pb > Cu > V > Hg > Mn > Ni > As > U > Co > Rb > Nb > Th > Ga > Sc > Cd (Table 2, Table S1).



In particular, the Cd content in phosphate rock (1.75–5.17 ppm) was significantly higher than that in surrounding rocks (0.04–0.38 ppm) and phosphogypsum (0.15–0.58 ppm). The content of Cd in phosphate rock was similar to China’s phosphates (0.1–4.4 ppm) [21]. However, it is significantly lower than the world average phosphate rock Cd content (18 ppm) [19].



The pH is known to be a major factor that affects Cd mobility [46]. Although Cd is immobile in oxide, phosphate, and carbonate minerals under alkaline and neutral conditions, it can become mobile in acidic waters due to dissolution of its host mineral [47]. The pH of phosphate rock was very close to neutral (7.28), phosphogypsum was acidic (4.66), and the Cd content was significantly correlated with the pH of phosphogypsum. The lower the pH, the higher the Cd content. This phosphogypsum acidity may result from residual acids such as H3PO4, H2SO4, and HF that were not efficiently separated from the industrial process. In addition, the different composition and pH of the phosphogypsum samples may also be related to their weathering history, and samples leached through atmospheric precipitation may lose more residual acids and soluble trace elements than samples with relatively little contact with water.




3.2. Types and Contents of Minerals in Phosphate rock and Phosphogypsum


Figure 2 shows that the main mineral of phosphate rock is fluorapatite (95.2–97.6 wt.%). Svanbergite is also an essential P-bearing mineral (Figure 2a). In addition, there is a small amount of pyrite (1.5–2.4 wt.%). The pyrite content correlates with the Cd content. QP02 with higher pyrite content has more Cd (5.17 ppm); samples with less pyrite have relatively low Cd. In addition, all analyzed phosphogypsum samples showed the same composition, with the vast majority being gypsum, and small amounts of quartz and ankerite.




3.3. Raman Spectral Characteristics of Apatite and Organic Matter


The color of collophanite in thin sections depends on the content of impurities such as organic matter. If there are no or minor impurities, it is yellow–light brown microcrystalline with the development of fractures. In contrast, organic-matter-bearing collophanite often shows a brownish dark brown color [48]. Four regions with obvious differences were selected for Raman spectroscopy analysis.



Four distinct regions were selected and scanned with a step size of 20 μm to distinguish organic matter and phosphate minerals closely related to Cd content and then to investigate the distribution of Cd content. Figure 3 indicates that the four samples show a strong peak around 960 cm−1, corresponding to the V1(PO4) mode [49,50]; 430 cm−1 is the V₂(PO₄) mode with a broad peak; 1038 and 1053 cm−1 is assigned to the V₃(PO₄) stretching vibration, and 587 cm−1 is assigned to the V₄(PO₄) bending vibration. Except for the V₁(PO₄) mode from the measured spectra, the other three vibrational modes have lower intensities. The two peaks at 1345 and 1580 cm−1 are characteristic peaks of disordered carbon. The peak at 1345 cm−1 is the D band of disordered carbon, and 1580 cm−1 is the G band of disordered carbon [49,51]. The degree of brightness and darkness observed under the microscope correlates with the peak intensities of phosphate minerals and organic matter.



Taking Figure 3B(a,c,e,g) as an example, the spectrum has a strong peak at 960 cm−1 and is not obvious at 1345–1580 cm−1, indicating that these points are fluorapatite; the organic matter peak in Figure 3B(b,d,f,h) is strong, often accompanied by a low-intensity apatite.



The micro-distribution characteristics of organic matter and apatite were distinguished by Raman spectroscopy based on the intensity of the apatite peak at 960 cm−1 and organic matter peak at 1345–1580 cm−1. Comparing the distribution characteristics of apatite with organic matter, their peak intensity has a significant negative correlation. In the darker areas, the strength of organic matter is high, and the strength of apatite is low. The brighter area shows the opposite relationship.




3.4. In Situ Element Characteristics of Different Carriers


3.4.1. Element Characteristics of Apatite Tested by EPMA


According to the results of Raman spectroscopy analysis, two types of apatite are identified: type 1 is the brown–black apatite, which is mainly composed of phosphorus bands and elliptical and sub-circular phosphorus debris particles, and organic matter; type 2 is the yellow–light brown apatite without organic matter. Then we selected representative points for electron probe analysis (Figure 4).



Table 3 shows the elements having a content greater than 0.1 wt.%. The concentrations of Ca, P, and F are determined by EPMA, with ratios of Ca/P molar ratio = 1.69–1.71 and Ca/F molar ratio = 4.55–4.9 (Table S2). They differ from the theoretical stoichiometry of fluorapatite, Ca/P = 1.67 and Ca/F = 5.0, and indicate mostly a deficiency in Ca relative to P, and enrichment in Ca relative to F. Compared with the bulk rock results, the Ca/P is equal, but the Ca/F is slightly lower.




3.4.2. Element Characteristics of Apatite Tested by LA-ICP-MS


Compared to bulk rock element content measurements, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) enables microanalysis of specific minerals in a specific area to accurately track chemical composition changes at a microscopic scale in relationship to mineral fabric [52,53].



Due to the apparent differences in the distribution of phosphate minerals and organic matter, the in situ measurement of element content by LA-ICP-MS can establish the relationship between Cd and the content of phosphate and organic matter and then explore the primary carrier of Cd. In Table 4, analytical element contents have similar characteristics in four different regions from type 1 and 2 apatite; except for P, the average contents of the other elements are higher in type 1 (Table S3). The P content characteristic corresponds to the higher intensity of phosphate in the brighter regions indicated by Raman spectroscopy.




3.4.3. REE + Y Characteristics of Apatite Tested by LA-ICP-MS


Table 5 shows the content of REE+Y analysed by LA-ICP-MS. To visualize the elemental fractionation relative to the continental source and remove the even–odd variation in their natural abundances, REE concentrations are normalized to the values given in the literature for Post Archean Australian Shale (PAAS) in Figure 5 [54,55]. Ce anomaly:      Ce / Ce * = Ce   N  /     La  N       ×   Pr   N      [56].



REE and Y patterns of samples show similar signatures, though they exhibit different enrichment factors. The REE and Y patterns are very close to the universal seawater pattern. They display negative Ce anomaly, a depletion in LREE (La-Eu), and an enhancement in HREE (Gd-Lu) with a significant positive Y anomaly.




3.4.4. Element Characteristics of Pyrite Tested by EPMA


Twelve points were selected and analysed with EPMA (Figure 6), EPMA analysis provides insights into the mineral occurrence of Zn and Cd in ores on a particle (micrometer) scale. The formula FeS2 represents the ideal chemical composition of pyrite. The S/Fe ratio of iron ore is theoretically approximately 2, and the variation range is 1.8 to 2.1. However, because Fe and S are often replaced by other elements isomorphically, the S/Fe ratio of pyrite is partially different from the theoretical value 2. In addition to basic Fe and S, natural pyrite also contains a small amount of other minor and trace elements, such as Co, Ni, Cu, As, etc. Earlier studies reported a range of a few ppm to tens of ppm for the content of Cd in pyrite [57]. In our EPMA study, Cd was detected in one-quarter of the points, and the highest content was 511 ppm (Table S4).






4. Discussion


4.1. Element Transfer Factor (ETF) from Phosphate Rock to Phosphogypsum


The great majority of economically significant sedimentary phosphate deposits are marine deposits that formed in active margin basin, epicontinental sea, or shelf environments. In total, 90% of the world’s phosphate ore production is used to produce phosphate fertilizer [18]. A large number of impurities in the ore can be transferred to the fertilizer and phosphoric acid in the production process, and the remaining impurities exist in various production wastes. Phosphogypsum is the main by-product of phosphate rock produced into phosphate fertilizer by the H2SO4 wet process, in which more than 90% of the solid components are gypsum matrix (CaSO4·2H2O), and also contains a large number of insoluble impurities (such as quartz, undissolved apatite, phosphate and sulfate, etc.), organic substances, etc., released from phosphate raw materials [58], which can become the carrier of Cd. However, it is unclear what chemical form of the cadmium trace element in phosphogypsum is [26,59]. Ideally, the production process of H3PO4 is as follows:


    Ca   10        ( PO   4  )  6   F 2     + 10 H   2    SO  4     + 20 H   2   O    →      6 H   3    PO    4         + 10 CaSO   4     · 2 H   2   O + 2 HF   



(1)







Phosphogypsum has similar physical properties to natural gypsum, with particle density ranging from 2.27 to 2.40 g/cm3 [60]. Generally, there are a large proportion of medium and fine particles, with a faster dissolution rate than the extracted natural gypsum, making the heavy metals transfer to the surrounding environment easily [61].



The elemental content of phosphogypsum depends on the nature of the phosphate rock, the type of process used, the time of stacking, and any contaminants that may introduce phosphogypsum. Although the transfer rate of Cd from phosphate rock to phosphogypsum is only 30%–54% in the process of wet process phosphoric acid, the acidity of fresh phosphogypsum can keep the trace elements dissolved from phosphate rock in a potential flow state, making phosphogypsum an easier source of heavy metals, fluoride, radionuclides, and other pollutants than the original rock. Heavy metal elements are often enriched in farmland soil and stream sediments around phosphorus chemical enterprises and phosphogypsum accumulation areas [62,63].



Many impurities in phosphate rock enter the acid product to varying degrees or are concentrated in the gypsum by-product. The element transfer factor (ETF) was estimated to determine the contaminant’s dynamic from phosphate rock to phosphogypsum. ETF was calculated according to the following equation proposed by reference [26].


   ETF =   1 σ  ×      [ Total   element   concentration ]    phosphogypsum        [ Total   element   concentration ]     phosphate   rock       × 100   



(2)




where σ is a mass normalization factor, which can be estimated to be 1.5 kg of phosphogypsum per kilogram of treated phosphate rock [26,64].



As shown in Table 6, the estimated ETF value varied between 3.31% (for P2O5) and 2584.47% (for Zr), and compared to some other reports, the ETFs of CaO and P2O5 are equivalent [65,66]. The descending order is as follows: SO₃ > SiO₂ > Nb > V > MnO > Ba> SrO > Cr > MgO > TiO₂ > Fe₂O₃ > Ce > CaO > La > Pb > Na₂O > Al₂O₃ > K₂O > Rb > Ga > Th > Cu > Zn > As > Sc > Li > Mn > Ni > Cd > U > Co > F > P₂O₅. Except for Zr, SO3, and SiO2, all other elements have ETF values below 100%, indicating that these elements are directly transferred from phosphate rock to phosphogypsum through the wet process; sulfates may be derived from sulfuric acid added during industrial production. The low ETF of P2O5 (2.4) shows that P can be effectively extracted during the production process. Cd may be released during the ore roasting process with the decomposition of carbonate, sulfides, and organic matter [67]. The Cd extraction process before the production of phosphate fertilizers takes advantage of the occurrence characteristics of Cd; that is, the crystal structure of apatite is destroyed by calcination or dissolution to release Cd [68].



Phosphogypsum is acidic due to residual phosphoric, sulfuric, and fluoric acids in the pores, and the pH of phosphogypsum with longer stacking years may be close to neutral [69]. Although the transfer rate of Cd from phosphate rock to phosphogypsum is low during wet phosphoric acid, the acidity of fresh phosphogypsum keeps the dissolved trace elements from phosphate rock in a potentially fluid state, making phosphogypsum more dangerous than the original rock. It is more likely to become the emission source of heavy metal elements, fluorides, radionuclides, and other pollutants [26].



The Cd content of the Qingping phosphate rock is obviously lower than that of the average world phosphate rock and phosphate rock from other places, which basically conforms to the Cd content characteristics of phosphates in China (Table 7). However, the actual pumping capacity of a substance does not depend on the total metal content, but rather on the fraction that may potentially affect the environment, i.e., the mobile metals. The Cd in most ores is strongly related to the crystal structure (nonmobile fraction) of minerals (such as apatite, pyrite, etc.). With the destruction of the mineral structure, a part of Cd is transformed into the mobile fraction mainly for adsorption in phosphogypsum, which causes the Cd in phosphogypsum to have higher relative and absolute concentrations [26]. Phosphogypsum also contains oxidizable Cd, which is usually related to organic matter in the phosphogypsum pile and metal sulfide precipitation formed under reduction conditions [70].




4.2. Implications for Carrier Mineral Phases of Cd


The occurrence and distribution of trace elements in phosphate ores are closely related to several rock components (i.e., apatite, matrix, organic matter, and accessory minerals) [77,78]. They can be enriched in many mechanisms, such as isomorphous substitution, adsorption, etc. Garnit et al. [79] and Kechiched et al. [80] distinguished four main components that control the chemical properties of phosphate rock: (1) Apatite and associated trace elements: REE, Sr, V; (2) clayey matrix that includes Zr, Hf, Ta, Rb, and Nb; (3) dolomitic matrix generally enhances Mo, Cs, Ni, Co, and Li; and (4): sulfide and organic matter control the presence of Cr, Pb, Th, Cd, Sc, Zn, Tl, As, and Cu. Previous studies have shown that the phosphate minerals in Shifang-type phosphate rock are collophanite, fluorapatite, and svanbergite, as well as pyrite, clay minerals, sphalerite, limonite, quartz, and other minerals [81,82]. Through XRD analysis, the main minerals in the studied phosphate ore are fluorapatite, svanbergite, and pyrite.



Due to the particular crystal–chemical characteristics of apatite, it has a wide range of isomorphic substitutions and accommodation and adsorption fixation for various metal cations, such as Cd, Cr, Zn, Zr, U, and REE [32,83,84]. This renders apatite a natural collector of metals and radionuclides [85], resulting in phosphate rock rich in various trace metals. It is generally believed that Cd exists in the crystal structure of apatite by substituting Ca, and Cd occupies both Cal and Ca2 sites and prefers the Ca2 site [86,87]. Moreover, some authors reported that in some sedimentary phosphate ores, Cd could not replace Ca in the apatite structure because no correlation was found between P2O5 and Cd [37,40]. Moreover, sedimentary phosphate rock often contains a relatively high amount of organic matter, and Cd can be firmly combined with organic matter, which makes Cd-bearing phosphate rock very common [88]. In marine phosphate rock, the redeposition of phosphate rock is accompanied by the decay of organic matter. The residual organic matter can accumulate Cd more strongly and retain its original reserves. Additionally, the release of Cd during redeposition may be accompanied by their resorption in phosphate and clay minerals. Therefore, organic matter can play an important (or even primary) role in both phosphate rocks and black shale as a natural accumulation of Cd [20].



Comparing the element content of type 1 and type 2, P (type 1/type 2), it is very close (0.974–1.004) in different regions, indicating that type 1 also contains phosphorus-containing minerals. This phenomenon is also manifested in Raman spectroscopy analysis. Type 1 not only has prominent high peaks of organic matter but also has a low peak of apatite; the light and dark differentiation is due to organic matter. The range of Cd (type 1/type 2) is 1.11–1.91, and significantly higher in QP02 and QP03. This comparison shows that organic matter increases the Cd content when the content of P is close to or less than it. The content of Cd is more affected by organic matter than by apatite in phosphate rock from Qingping. It is speculated that Cd in phosphorite is related to organic matter [20,89].



Pyrite (FeS2), a ubiquitous mineral, is prone to oxidation reactions when exposed to air, preferentially releasing S and Cd and producing acidic weathering solutions [90,91]. The released acid can promote the decomposition of organic matter and the release of Cd into the environment. Given these facts, it is possible that sulfides in phosphorites can be a source of Cd and release Cd into the environment after exposure.



Cd in pyrite is very similar to Zn, but the content is usually low, ranging from 14 to 52 ppm [92]. Rapidly precipitated pyrite, typically rich in arsenic, captures inclusions of Cd-bearing mineral phases, resulting in increased Cd content [57]. In addition, Cd-carbonate minerals may also exist in pyrite [93]. Through ion exchange and decomposition of the Cd-carbonate phase, Cd in this part can quickly be released into the environment, posing a threat to the environment [94,95].



In addition to S and Fe, pyrite contains elements such as Co, Cd, As, Ni, Cu, and Zn. The content of Cd ranges from 79 ppm to 551 ppm, which is 186.7 times higher than the average content of phosphate rock of 2.95 ppm. Due to the relatively low content of pyrite minerals in apatite, it cannot be determined that the Cd element is controlled by pyrite. However, pyrite is an essential carrier of Cd.



The change in the content of elements is closely related to the change in minerals, as shown in Figure 7. The content of apatite accounts for the absolute majority (95.2–97.6 wt.%), and the content of pyrite is low (1.5–2.4 wt.%), which is consistent with the general characteristics of Shifang-type phosphate ore [44]. Comparing the change in Cd content with the mineral content in phosphate rock, the trend of Cd and pyrite content is roughly the same, which is opposite to the content of apatite, indicating that the influence of pyrite on Cd is more potent than that of apatite. This is consistent with the conclusion of Raman analysis and in situ elemental analysis that Cd is closely related to organic matter and pyrite in phosphate rock.




4.3. Implications for Cd Enrichment Mechanism


The symbiosis of rare earth elements with apatite and phosphorite rocks is common [96], and the environment and phosphorus source at the time of the phosphorite rocks deposition can be judged by interpreting the mode in which PAAS is normalized REE + Y and the sensitive elements to redox conditions.



As shown in Figure 5, type 1 and type 2 show the same trend in all samples. The content of ΣREY for type 1 (160.24–1091.40 ppm) is obviously higher than in type 2 (80.17–330.57 ppm) (Table 5). This is consistent with the high content of various trace elements, including REE and Y, in biological apatite of sedimentary phosphate rock. In addition, microcrystalline apatite extends to collophane and forms an apatite ring around the edge of collophane (Figure 4); the phosphorous clastic particles are mostly elliptical and sub-circular under the microscope, and most of the particles have a high degree of roundness (Figure 4), which suggests that the phosphorous clastic particles are strongly affected by hydrodynamic forces in the sedimentary basin, with a high sedimentation rate and a long transportation distance, containing more organic matter and strong adsorption capacity. Cadmium of these particles exposed to seawater for a long time could explain their higher contents compared to authigenic phosphorites, it is due to the adsorption of organic matter, and Cd is more enriched than that in apatite [79,96].



The type and content of rare-earth-element-containing minerals in the geological body directly affect the Ce anomaly; for example, the biogenic apatite or phosphorite are mostly Ce negative anomalies [97,98]. In relatively reduced or anoxic seawater, Ce is soluble as positive trivalent cation, and has no obvious differentiation with other REE elements. Consequently, no negative Ce anomaly is formed. Similarly, when insoluble Ce+4 enters the reduction or anoxic environment, it will be reduced to Ce+3 and reenter the water body. Therefore, in modern aerobic seawater, shallow water (<200 m) has an obvious negative cerium anomaly [99]. A negative Ce anomaly is usually considered to reflect redox conditions, but diagenesis and later transformation may change the original characteristics. It is generally believed that a negative Ce anomaly is related to (La/Sm)N >0.35 [79] and (Dy/Sm) N > 1 [100] and is rarely affected by diagenesis, and can reflect the ancient ocean redox environment through the abnormal change in apatite Ce in the phosphorite. The content of rare earth elements from the original site shows that, except for QP02-type 2 and QP07-1-type 2, the average value of (La/Sm)N in other areas is higher than 0.35, and (Dy/Sm)N > 1, indicating that they can be used to track redox conditions. At the same time, it is shown that type 2 is characterized by more pronounced Ce anonymous and heavy REE enrichment. This indicates that sub-oxidizing to oxidizing conditions occurred beforehand, which resulted in less Cd content in type 2 [101].



Under anoxic/hydrostatic conditions, Cd can be effectively transported into sediments through the formation of sulfide [101]. The information about the sedimentary environment of pyrite formation can be determined according to the Co/Ni ratio [102]. The Co/Ni ratio of most pyrite formed by a hydrothermal solution is greater than 2. In addition, high Ni and low Co/Ni can be observed in pyrite formed in a reducing environment rich in organic matter [103,104]. Six out of the twelve analyses can be used to calculate Co/Ni, the highest Co/Ni value is 0.67, and other values are low, and the content of Ni is high, indicating that the pyrite in the samples is not of hydrothermal origin but formed under the reducing conditions in an organic-matter-rich environment, which is consistent with the conclusion that the Qingping phosphate mine is rich in organic matter. The contents of Cd, Ni, Cu, and Zn are also related to the sinking rate of organic carbon, which is usually related to productivity. These trace elements are adsorbed on organic matter and incorporated into sediments. When the organic matter is decomposed, trace elements are left, and some will enter pyrite [105].





5. Conclusions


	(1)

	
The Cd concentration in phosphate rock from Qingping is much lower than the average world content (18 ppm) for this type of rock. Except for SiO2, SO3, and Zr, the elements in phosphogypsum are derived from phosphate rock, and only 10.58% of Cd migrates to phosphogypsum.




	(2)

	
The strong peak of apatite is located at 960 cm−1, corresponding to the V1 (PO4) mode, and the other peaks are weak. The characteristic peak of organic matter does not appear alone, and a weak peak may appear at 960 cm−1. Compared to the Cd content in different regions of apatite to organic matter, Cd is mainly controlled by organic matter.




	(3)

	
The main minerals in the phosphate rock are fluorapatite, svanbergite, and pyrite. The primary mineral of phosphogypsum is gypsum. Compared with apatite, pyrite has a higher Cd content and is an essential carrier of Cd. However, considering that the pyrite content in the ore is low (1.5–2.4 wt.%), it cannot be determined that pyrite has a controlling effect on Cd in the phosphate rock.




	(4)

	
The high Cd content in type 1 is caused by the enrichment of organic matter, which is linked with Cd adsorbed on organic matter and then incorporated into sediments. Cd in pyrite is mainly controlled by the formation of pyrite under reducing conditions. Therefore, reducing the environment leads to the enrichment of Cd in phosphate rock.
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Figure 1. Location map of the phosphorite deposit (A,B) and phosphogypsum pile (C) along the Mianyuan River, with sampling points indicated. Image from Google Earth software(Google LLC, Santa Clara, CA, USA). 
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Figure 2. The X-ray diffraction patterns of phosphate rock (A) and phosphogypsum (B). The mineral content of phosphate rock is shown in (C). 
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Figure 3. (A) The representative points of Raman analysis of phosphate rock. (B) Distribution characteristics of apatite and organic matter. Notes: a,c,e,g are typical points of apatite, b,d,f,h are typical points of organic-matter-bearing collophanite. 
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Figure 4. Representative points and grouping. Notes: on the left is the microscope photo and on the right is the BSE picture; The red points are typical points of Type1, yellow points are typical points of Type2. 
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Figure 5. PAAS-normalized REE + Y pattern of all apatite types in the phosphate samples (Y inserted between Dy and Ho according to its ionic radius, REE of modern seawater multiplied by 107). 
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Figure 6. Element content in pyrite obtained determined on EPMA. 
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Figure 7. Characteristics of minerals and Cd in phosphate rock. 
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Table 1. Major element analysis in phosphate rock (PR) and phosphogypsum (PG).
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	Major

Elements(%)
	Phosphate Rock (PR)
	Surrounding Rock
	Hongyan 1
	Lanjiaping 2
	Mianzhu 3
	Phosphogypsum (PG)





	CaO
	49.43
	3.83
	43.98
	
	39.99
	33.65



	P₂O₅
	36.63
	9.94
	35.29
	29.37
	27.62
	1.82



	Al₂O₃
	3.78
	32.35
	6.8
	1.52–11.96
	9.97
	2.3



	SO₃
	3.7
	7.89
	
	
	3.09
	34



	F
	3.30
	0.3
	2.69
	
	2.28
	0.3



	SiO₂
	2.50
	24.88
	4.94
	
	7.59
	4.74



	Fe₂O₃
	1.73
	4.99
	
	0.24–7.15
	3.11
	1.38



	SrO
	0.43
	1.17
	0.66
	
	
	0.42



	K₂O
	0.35
	0.32
	
	
	1.55
	0.21



	TiO₂
	0.20
	1.61
	
	
	
	0.17



	MgO
	0.09
	0.2
	0.32
	0.06–4.10
	3.5
	0.08



	Na₂O
	0.08
	0.08
	
	
	0.11
	0.05



	MnO
	0.01
	0.01
	
	
	
	0.01



	Ca/P
	1.71
	
	1.58
	
	1.83
	



	F/P
	5.07
	
	5.54
	
	5.94
	







1 Zheng et al., 2021 [42]; 2 He, 2021 [44]; 3 Li et al., 2017 [45].
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Table 2. Compilation of pH and trace element analysis in phosphate rock (PR) and phosphogypsum (PG).
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	Trace Elements (ppm)
	Phosphate Rock (PR)
	Surrounding Rock
	Phosphogypsum (PG)





	Cd
	2.95
	0.16
	0.48



	Ba
	216.67
	813.33
	215



	Li
	161.10
	306.83
	38.6



	Zn
	113.7
	62
	37.5



	Ni
	98.10
	215.53
	16.6



	Mn
	84
	69.67
	19



	Cu
	76.40
	197.43
	27.6



	La
	54.67
	175.33
	36.5



	Co
	47.17
	76.9
	4.55



	U
	45.50
	79.8
	4.75



	Ce
	43.03
	166.17
	30.6



	Pb
	42.70
	132.5
	28.15



	Cr
	40.67
	235.67
	37



	V
	25.33
	192.67
	27.5



	As
	22.23
	24.8
	7.15



	Rb
	6.10
	3.3
	3.65



	Th
	5.25
	25
	2.67



	Ga
	4.08
	42.17
	2.21



	Sc
	3.77
	23.7
	1



	Nb
	2.53
	37.4
	3.25



	Zr
	0.73
	325
	28.3



	Hg
	0.22
	0.32
	23.23



	pH
	7.28
	5.8
	4.66
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Table 3. Contents of major elements in different regions of apatite.
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Elements

(wt.%)

	
QP02

	
QP03

	
QP07-1

	
QP07-2




	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2






	
CaO

	
55.27

	
54.80

	
1.01

	
55.19

	
55.22

	
1.00

	
54.91

	
55.26

	
0.99

	
55.82

	
55.41

	
1.01




	
P2O5

	
40.85

	
40.51

	
1.01

	
41.41

	
41.32

	
1.00

	
41.22

	
41.21

	
1.00

	
41.70

	
41.35

	
1.01




	
F

	
4.10

	
3.98

	
1.03

	
4.08

	
3.93

	
1.04

	
4.09

	
4.06

	
1.01

	
4.03

	
3.83

	
1.05




	
Al2O3

	
0.21

	
0.28

	
0.73

	
0.11

	
0.05

	
2.22

	
0.23

	
0.32

	
0.71

	
0.06

	
0.05

	
1.17




	
BaO

	
0.08

	
0.16

	
0.48

	
0.04

	
0.10

	
0.40

	
0.05

	
0.08

	
0.60

	
0.05

	
0.13

	
0.42




	
FeO

	
0.13

	
0.07

	
1.95

	
0.06

	
0.03

	
2.07

	
0.08

	
0.02

	
3.45

	
0.08

	
0.08

	
1.00




	
SiO2

	
0.12

	
0.28

	
0.44

	
0.14

	
0.01

	
11.84

	
0.10

	
0.18

	
0.54

	
0.03

	
0.06

	
0.43




	
SO3

	
0.15

	
0.12

	
1.20

	
0.09

	
0.05

	
1.81

	
0.11

	
0.09

	
1.15

	
0.04

	
0.07

	
0.61




	
Ca/P

	
1.71

	
1.71

	

	
1.69

	
1.69

	

	
1.69

	
1.70

	

	
1.69

	
1.70

	




	
Ca/F

	
4.57

	
4.66

	

	
4.58

	
4.76

	

	
4.55

	
4.61

	

	
4.69

	
4.90
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Table 4. Contents of major and trace elements in different regions of apatite.
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Elements

(ppm)

	
QP02

	
QP03

	
QP07-1

	
QP07-2




	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2

	
Type 1

	
Type 2

	
Type 1/

Type 2






	
Cd

	
3.27

	
1.77

	
1.85

	
1.76

	
0.92

	
1.91

	
1.03

	
0.92

	
1.11

	
1.17

	
1.02

	
1.15




	
P

	
214,484

	
213,657

	
1.00

	
202,393

	
208,279

	
0.97

	
198,251

	
202,051

	
0.98

	
209,322

	
214,950

	
0.97




	
Al

	
9191

	
4197

	
2.19

	
3402

	
1302

	
2.61

	
100,754

	
16,179

	
6.23

	
5560

	
865

	
6.43




	
Si

	
8316

	
4029

	
2.06

	
2073

	
500

	
4.15

	
75,722

	
13,191

	
5.74

	
4273

	
466

	
9.18




	
K

	
2596

	
1247

	
2.08

	
529

	
136

	
3.89

	
12,621

	
2346

	
5.38

	
1024

	
238

	
4.30




	
Fe

	
1033

	
276

	
3.74

	
2050

	
682

	
3.01

	
1529

	
1551

	
0.99

	
834

	
241

	
3.46




	
Sr

	
1013

	
430

	
2.36

	
984

	
542

	
1.81

	
7136

	
765

	
9.33

	
527

	
173

	
3.05




	
Na

	
545.98

	
426.60

	
1.28

	
496.00

	
319.34

	
1.55

	
554.71

	
526.70

	
1.05

	
313.20

	
228.74

	
1.37




	
Ti

	
365.52

	
25.66

	
14.24

	
545.38

	
132.63

	
4.11

	
2158.69

	
543.87

	
3.97

	
397.09

	
14.94

	
26.58




	
Mg

	
263.92

	
149.09

	
1.77

	
157.51

	
371.71

	
0.42

	
588.56

	
562.05

	
1.05

	
134.22

	
91.09

	
1.47




	
Ba

	
202.90

	
148.06

	
1.37

	
116.65

	
44.27

	
2.63

	
735.09

	
227.65

	
3.23

	
138.05

	
85.29

	
1.62




	
Mn

	
127.01

	
31.11

	
4.08

	
45.21

	
40.60

	
1.11

	
49.05

	
34.93

	
1.40

	
30.62

	
26.49

	
1.16




	
Zn

	
116.12

	
39.89

	
2.91

	
46.73

	
119.09

	
0.39

	
20.29

	
21.30

	
0.95

	
26.12

	
19.05

	
1.37




	
Y

	
79.91

	
50.24

	
1.59

	
73.21

	
48.09

	
1.52

	
347.02

	
167.76

	
2.07

	
103.76

	
53.25

	
1.95




	
Zr

	
21.93

	
4.57

	
4.80

	
24.77

	
12.66

	
1.96

	
104.17

	
27.07

	
3.85

	
23.82

	
4.02

	
5.93




	
Ga

	
21.32

	
14.70

	
1.45

	
11.70

	
4.41

	
2.65

	
77.25

	
22.80

	
3.39

	
13.45

	
8.13

	
1.65




	
Cr

	
19.48

	
14.11

	
1.38

	
34.25

	
29.46

	
1.16

	
198.05

	
25.12

	
7.88

	
13.43

	
1.26

	
10.68




	
Cu

	
13.25

	
5.94

	
2.23

	
11.54

	
4.08

	
2.83

	
7.69

	
2.49

	
3.09

	
3.39

	
1.43

	
2.38




	
Pb

	
10.65

	
6.07

	
1.76

	
16.14

	
6.08

	
2.65

	
52.96

	
21.03

	
2.52

	
18.74

	
4.82

	
3.89




	
Ni

	
5.98

	
1.14

	
5.26

	
6.67

	
1.70

	
3.93

	
16.05

	
5.86

	
2.74

	
8.52

	
1.74

	
4.89




	
Rb

	
5.08

	
2.34

	
2.17

	
1.43

	
0.40

	
3.58

	
29.01

	
4.94

	
5.88

	
2.63

	
0.57

	
4.62




	
As

	
3.01

	
0.93

	
3.22

	
4.14

	
1.39

	
2.98

	
4.01

	
1.45

	
2.76

	
2.22

	
0.48

	
4.65




	
Sc

	
2.24

	
1.82

	
1.23

	
3.42

	
2.05

	
1.67

	
7.58

	
4.60

	
1.65

	
3.11

	
2.09

	
1.49




	
Nb

	
1.65

	
0.14

	
11.50

	
2.37

	
0.48

	
4.99

	
9.46

	
2.31

	
4.09

	
2.00

	
0.07

	
27.71




	
Co

	
1.07

	
0.37

	
2.93

	
1.87

	
0.36

	
5.22

	
5.47

	
2.03

	
2.69

	
1.75

	
0.56

	
3.11




	
Ge

	
0.55

	
0.10

	
5.71

	
0.78

	
0.33

	
2.39

	
3.69

	
0.66

	
5.55

	
0.67

	
0.05

	
13.08




	
Sn

	
0.35

	
0.12

	
2.84

	
0.39

	
0.20

	
1.92

	
1.05

	
0.28

	
3.68

	
0.32

	
0.06

	
5.30
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Table 5. Rare earth elements’ contents in different regions of apatite.
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Elements

(ppm)

	
QP02

	
QP03

	
QP07-1

	
QP07-2




	
Type 1

	
Type 2

	
Type 1

	
Type 2

	
Type 1

	
Type 2

	
Type 1

	
Type 2






	
La

	
14.92

	
2.80

	
19.22

	
7.24

	
205.63

	
31.24

	
27.52

	
1.12




	
Ce

	
12.40

	
3.83

	
16.70

	
6.03

	
155.69

	
24.19

	
23.32

	
1.60




	
Pr

	
3.05

	
0.84

	
3.65

	
1.47

	
40.12

	
6.49

	
5.62

	
0.38




	
Nd

	
15.08

	
5.72

	
16.14

	
6.98

	
171.09

	
29.50

	
25.45

	
2.82




	
Sm

	
5.53

	
3.11

	
4.16

	
2.36

	
33.31

	
8.89

	
6.39

	
2.21




	
Eu

	
1.38

	
0.77

	
1.01

	
0.62

	
7.21

	
2.45

	
1.58

	
0.64




	
Gd

	
8.22

	
4.97

	
6.48

	
4.06

	
39.06

	
15.84

	
9.67

	
4.57




	
Tb

	
1.19

	
0.71

	
1.00

	
0.65

	
5.53

	
2.46

	
1.41

	
0.71




	
Dy

	
7.93

	
4.85

	
7.13

	
4.61

	
35.93

	
17.03

	
9.97

	
5.16




	
Y

	
79.91

	
50.24

	
73.21

	
48.09

	
347.02

	
167.76

	
103.76

	
53.25




	
Ho

	
1.80

	
1.10

	
1.69

	
1.06

	
8.02

	
3.84

	
2.32

	
1.17




	
Er

	
5.13

	
3.26

	
4.96

	
3.24

	
23.12

	
11.12

	
6.61

	
3.50




	
Tm

	
0.66

	
0.42

	
0.67

	
0.40

	
2.76

	
1.36

	
0.87

	
0.42




	
Yb

	
3.80

	
2.53

	
3.72

	
2.17

	
14.99

	
7.45

	
5.00

	
2.33




	
Lu

	
0.51

	
0.33

	
0.51

	
0.30

	
1.91

	
0.96

	
0.66

	
0.31




	
δCe

	
0.42

	
0.57

	
0.46

	
0.42

	
0.39

	
0.39

	
0.43

	
0.57




	
LaN/SmN

	
0.40

	
0.13

	
0.68

	
0.45

	
0.91

	
0.52

	
0.63

	
0.07




	
DyN/SmN

	
1.83

	
1.98

	
2.18

	
2.48

	
1.37

	
2.44

	
1.99

	
2.97




	
∑REE + Y

	
161.51

	
85.49

	
160.24

	
89.28

	
1091.4

	
330.57

	
230.15

	
80.17




	
LREE/HREE

	
0.48

	
0.25

	
0.61

	
0.38

	
1.28

	
0.45

	
0.64

	
0.12
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Table 6. Element transfer factor (ETF) of major and trace elements.
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	Elements
	ETF (%)
	Elements
	ETF (%)
	Elements
	ETF (%)





	P2O5
	3.31
	Th
	33.9
	MgO
	59.26



	F
	6.06
	Ga
	36.11
	Cr
	60.65



	Co
	6.43
	Rb
	39.89
	SrO
	65.12



	U
	6.96
	K2O
	40
	Ba
	66.15



	Cd
	10.85
	Al2O3
	40.56
	MnO
	66.67



	Ni
	11.28
	Na2O
	41.67
	V
	72.38



	Mn
	15.08
	Pb
	43.95
	Nb
	85.64



	Li
	15.97
	La
	44.51
	SiO2
	126.4



	Sc
	17.68
	CaO
	45.38
	SO3
	619.31



	As
	21.44
	Ce
	47.41
	Zr
	2584.47



	Zn
	21.99
	Fe2O3
	53.18
	
	



	Cu
	24.08
	TiO2
	56.67
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Table 7. Cd content in phosphate rock and phosphogypsum from different regions.
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	Origin Of Phosphate Rock
	Cd/ppm
	Origin of Phosphogypsum
	Cd/ppm (ETF)





	Mianzhu (Present study)
	2.95
	Mianzhu (Present study)
	0.48 (10.85)



	Average Shale Composition 1
	0.3
	Tunisia 4
	17.70 (55.2)



	Average World Phosphorite 2
	18
	Tunisian 9
	12.23



	Hahotoeé/Kpogameé 3
	2~116
	Deyang, China 10
	2.26



	Tunisia 4
	48.10
	Morocco 6
	1.93 (12)



	Morocco 5
	21.6
	Brazil 11
	<1.5



	USA 5
	12.5
	
	



	Morocco 6
	11
	
	



	China 7
	0.1~4.4
	
	



	Greece 8
	0.2~0.7
	
	







1 Turekian and Wedepohl, 1961 [71]; 2 Altschuler, 1980 [19]; 3 Gnandi, K, 2009 [30]; 4 El Zrelli et al., 2018 [66]; 5 Sattouf, 2007 [72]; 6 Pérez-López et al., 2010 [26]; 7 Ma R, 2002 [21]; 8 Tzifas et al., 2014 [73]; 9 Raja Zmemla et al., 2016 [74]; 10 Hou, 2015 [75]; 11 Saueia et al., 2013 [76].
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